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Spatially resolved two-dimensional maps of the relative CF2 density in low-pressure
radio-frequency Ar/CF4/O2 discharges generated within a parallel-plate Gaseous Electronics
Conference reference cell have been obtained using planar laser-induced fluorescence imaging. The
experiments cover a wide range of pressure, composition, flow rate, and power deposition
conditions~13.3–133.3 Pa, 1%–100% CF4, 1%–10% O2, 5–100 sccm, 3–35 W!. Typically, the
centerline (r 5 0) axial CF2 distribution was symmetric with the local peak occurring near the center
of the electrode gap, but, in all cases, significant radial variations in CF2 density were observed
~14%–45% standard deviation from the mean! with the peak density occurring near the edge of the
discharge region. Varying the pressure led to significant changes in both the magnitude and spatial
distribution of CF2 density, while varying the composition, flow rate, and power primarily affected
only the magnitude of the CF2 density, with only modest changes in the spatial distribution. Based
on image-averaged comparisons, the CF2 density increased with power, pressure, and CF4 mole
fraction, decreased with addition of oxygen, and varied nonmonotonically with flow rate.
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I. INTRODUCTION

Low-pressure radio-frequency~rf! plasma etching of sili-
con dioxide with CF4-based chemistries is used extensive
during the manufacturing of microelectronic integrat
circuits.1,2 Despite their widespread use, the physical a
chemical phenomena which determine the behavior and
resulting etching performance of these plasmas are not f
understood. With regard to the gas-phase chemistry, for
ample, a great deal of experimental1,2 and, to a lesser exten
modeling research2 as been conducted to improve the und
standing of these plasmas, but detailed comparisons betw
modeling and experiment have been limited. Species m
surements have been made by a number of techniques
typically these have been limited to single-point, line-o
sight, or one-dimensional~1D! spatial profile measuremen
within the glow region of the plasma. As two-dimension
~2D! modeling becomes more widespread, a more exten
experimental data base will be necessary for benchmar
and verification of these plasma chemistry models.

In previous studies, we used planar laser-induced fluo
cence~PLIF! imaging to map the argon metastable dens
field in low-pressure argon and argon/molecu
discharges.3–4 The purpose of this study is to extend tho
PLIF measurements to map the spatially resolved, 2D2
density field in Ar/CF4/O2 etching plasmas generated with
a Gaseous Electronics Conference~GEC! rf parallel-plate

a!National Research Council NIST postdoctoral research associate, 1
1995. Current address: Lam Research Corporation, 4650 Cushing
way, Fremont, CA 94538; Electronic mail: brian.mcmillin@lamrc.com

b!Electronic mail: mrz@tiber.nist.gov
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reference cell.5 The CF2 radical is an important species i
halocarbon plasmas because it influences the balance
tween polymer deposition and etching, and hence selectiv
in silicon/silicon dioxide etching applications.1,2 As a result,
a number of previous experimental studies have reported
measurements of CF2 density using mass spectrometry,6 in-
frared diode laser-absorption,7–10 and laser-induced
fluorescence,11–19 but, to our knowledge, the present resu
are the first complete 2D measurements of CF2 density in
any reactor. In addition to yielding information on the rel
tive magnitude of CF2 concentration at various conditions
these measurements are of interest because they provid
sight into the plasma uniformity through 2D visualization
the CF2 spatial distribution. These detailed spatial distrib
tions, which were obtained from the well-defined GEC c
reactor, should provide a useful data source for validation
multidimensional models.

In the following paragraphs, we briefly describe the e
perimental setup and then present contour maps of the
tially resolved CF2 concentration as a function of powe
feed gas composition, flow rate, and pressure in CF4/O2/Ar
plasmas. In addition, we examine the axially averaged
image-averaged measurements for a number of cases
lustrate the large-scale changes in the radial distribution
overall magnitude of the CF2 concentration. For complete
ness, we also report results of a Fourier analysis of electr
measurements obtained during these experiments, inclu
the amplitude of the voltage and current wave forms a
their relative phase difference, the dc self-bias voltage,
the power deposited into the plasma.
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II. EXPERIMENTAL DETAILS

The experiments were conducted using a capacitiv
coupled, parallel-plate, asymmetrically driven GEC ce
which has been described in detail previously5 and is shown
schematically in Fig. 1. Briefly, the stainless steel reac
used here has 10.2-cm-diam aluminum water-cooled e
trodes with a 2.25 cm separation. The lower electrode
powered with a 13.56 MHz supply coupled through a mat
ing network and isolating rf filter. The upper electrode a
the chamber were grounded. Voltage and current wave fo
were measured with probes located at the base of the p
ered electrode~after the matching network! using a digitizing
oscilloscope, and saved to a laboratory computer for la
analysis. To determine the actual voltage, current, and po
supplied to the plasma, these measured wave forms w
Fourier analyzed and corrected for cell parasitics.20

The feed gas mixture is introduced through the up
electrode via a showerhead arrangement of holes. The
gas then flows radially and symmetrically out of the d
charge region and is removed from the chamber via
feedback-controlled throttle valve and mechanical pum
During these experiments, the flowrate was varied o
5–100 sccm and the pressure was varied over 13.3–133
~100–1000 mTorr!.

Spatially resolved 2D images of CF2 relative concentra-
tion were obtained using PLIF imaging. The experimen
setup and technique are similar to our previous studies,3,4 so
we only briefly describe review the details here; for ad
tional information on LIF measurements in glow discharg
and PLIF imaging in general, we refer the reader to Refs
and 22, respectively. In this study, a quadrupled Nd:YA
laser sheet~266 nm, 10 ns,;0.3 mJ,;1 cm21, 5 mm325
mm! was used to illuminate the central vertical plane of t
discharge and excite transitions in theA(0,2,0)←X(0,1,0)
band23 of CF2. The resulting broadband laser-induced flu
rescence~300–400 nm! was imaged at a 90° angle to th

FIG. 1. Schematic diagram of the experimental setup.
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ly
,

r
c-
s
-

s
w-

er
er
re

r
ed
-
a
.
r
Pa

l

-
s
1

-

illumination plane with an intensifier-gated, cooled CC
camera using anf /4.5 lens~see Fig. 1!.

While acquiring images, a 300 nm long-pass filter w
used to reject laser scattering and a colored-glass filter
used to reduce the visible plasma emission reaching the c
era. The CF2 fluorescence images were obtained by tem
rally averaging;1000 laser shots with an;300 ns intensi-
fier gate width, and spatially averaging over 232 pixels to
improve the signal-to-noise ratio. The imaged region
cluded approximately one-half of the discharge, extend
from the centerline to;1 cm beyond the right edge of th
electrodes. The spatial resolution of these measurements
determined by the laser sheet thickness~;5 mm! and the
imaged dimensions of the camera pixels in the object pl
~;0.230.2 mm!.

In reducing the raw fluorescence data, the plasma em
sion was first subtracted and then the images were norm
ized for spatial variations in laser energy and detector
sponse. No corrections for fluorescence yield we
necessary, because, as in previous studies,12 no significant
differences in the fluorescence decay time were observed
the conditions examined here. The fact that no quench
corrections were necessary here indicates that the spon
ous emission rate dominates the electronic quenching rat
CF2 ~for the major species in the plasmas examined here,
Ar and CF4!, which is consistent with the rate coefficien
available in the literature.23–25

In relating the fluorescence signal to the CF2 density,
@CF2#, the neutral gas temperature was assumed to be
form, rotationally and vibrationally equilibrated, and co
stant for all conditions examined; i.e., we assumed the c
centration of the laser-probed states inferred from
fluorescence measurement perfectly tracks the total CF2 den-
sity. We estimate that neglecting the temperature depend
of the fluorescence signal results in a 10%–15% to
~65%–7.5%! uncertainty in the CF2 density over the ex-
pected temperature range of 300,T,400 K for the plasmas
examined here. This estimated uncertainty is based on B
zmann population fraction calculations for the states pro
by the 266 nm laser, which indicate that the fluoresce
signal will increase with temperature; i.e., for a given C2
density the signal will be 10%–15% higher at 400 K than
300 K.

III. RESULTS AND DISCUSSION

Relative 2D measurements of the CF2 density distribution
were obtained in Ar/CF4/O2 rf discharges over a wide rang
of pressure, composition, flow rate, and power deposit
conditions ~13.3–133 Pa, 1%–100% CF4, 1%–10% O2,
5–100 sccm, 3–35 W!. While the absolute CF2 density was
not determined in these experiments, a recent investiga
using a GEC cell10 reported CF2 densities of;1012–1013

cm23 in CF4/CHF3 plasmas at similar conditions. General
speaking, in the present experiments, varying the pres
led to significant changes in both the magnitude and spa
distribution of CF2 density, while varying the composition



a
o

rv

de

T

a

rn
lly
ex
u
re
o
u

-

he
n
,

ro
n

o

am
th

de
e
a
s
re

io
0
th

id
ift
ng
.

r-
a

d
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flow rate, and power led to pronounced changes in the m
nitude with more subtle changes in the spatial distribution
CF2 density.

As observed in previous GEC cell experiments,3,4 signifi-
cant radial variations in species concentration were obse
~see, for example, Fig. 2!. The peak CF2 density typically
occurs atr;3–5 cm, near the edge of the powered electro
Indeed, in almost all cases, the CF2 concentration contours
appear to attach to the corner of the powered electrode.
increased CF2 ~and presumably F! concentration near the
edge of the powered electrode likely results from an incre
in the electron impact production of CF2, brought about by
an enhanced electric field associated with the sharp exte
corner26 of the electrode. This edge effect could potentia
be reduced or eliminated by smoothing or reducing the
posure of the sharp corner on the powered electrode. S
edge effects have been recently examined in a diffe
parallel-plate reactor geometry by comparing measured
ide etch rates and modeled ion flux profiles with vario
powered electrode configurations.27

For all of the cases examined here, the centerline~r50!
axial distribution of CF2 density is relatively symmetric, with
the peak occurring near the center of the discharge~z;1
cm!. This axial distribution largely reflects the CF2 produc-
tion profile, which is dominated28 by the high energy elec
tron impact reactione1CF4→CF212F1e ~threshold;13
eV!. This is evidenced to some extent by the similarity of t
present axial CF2 profiles and previously reported argo
emission profiles in Ar/CF4 discharges at similar conditions

4

since the argon excitation threshold~;13.5 eV! and cross-
section energy dependence~over;12–30 eV! are similar to
those of the CF4 electron impact reaction noted above~see,
for example, Refs. 29 and 30!. The CF2 profile is, of course,
also affected by diffusion, since CF2 is a relatively long-lived
species, and by destruction mechanisms such as hete
neous ~wall recombination! and gas-phase recombinatio
reactions.16

A. Effect of power

Figure 2 shows contour plots of the spatial distribution
@CF2# in 75%CF4/Ar discharges at 66.7 Pa~500 mTorr! and
a 25 sccm flow rate at the lowest and highest powers ex
ined here, 3.5 and 35 W, respectively. In these and all of
contour plots which follow, thez50 andz52.25 cm loca-
tions correspond to the powered and grounded electro
respectively. As power is increased over this range, the p
CF2 concentration increases by more than an order of m
nitude, and the edge-to-center concentration ratio increa
This change in radial nonuniformity is illustrated mo
clearly in Fig. 3~a!, which shows the normalized radial@CF2#
profiles averaged over the lower half of the discharge reg
adjacent to the powered electrode, i.e., averaged over,z
,1.2 cm. As indicated by the standard deviation from
mean,s, the radial nonuniformity in@CF2# increases from
15%–34% as power is increased from 3.5–35 W. As
from this increase in radial nonuniformity and a slight sh
in the axial peak, though, we observe no significant cha
in the spatial distribution of CF2 as the power is increased
J. Vac. Sci. Technol. A, Vol. 15, No. 2, Mar/Apr 1997
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FIG. 2. Contour plots of the spatially resolved relative CF2 density measured
with laser-induced fluorescence in a 75%CF4/Ar discharge at 25 sccm, 66.7
Pa ~500 mTorr! and powers of~a! 3.5 and~b! 35 W.

FIG. 3. ~a! Axially averaged~0,z,1.2 cm! radial profiles of CF2 density
and ~b! image-averaged CF2 concentration as a function of power, dete
mined from PLIF images of 75%CF4/Ar discharges at 25 sccm and 66.7 P
~500 mTorr!. The radial nonuniformity of@CF2# in ~a!, as indicated by the
standard deviation from the mean,s, is 15%, 27%, and 34% for 3.5, 12, an
35 W cases, respectively. The normalized slope indicated in~b! denotes that
the @CF2# increases by 7.53 as the power is increased by 103.
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233 B. K. McMillin and M. R. Zachariah: Two-dimensional imaging of CF 2 density 233
Figure 3~b!, which shows the image-averaged@CF2#, illus-
trates the change in the overall CF2 concentration as a func
tion of power. The@CF2# increases in an essentially line
fashion over the power range examined here, with anormal-
izedslope of less than unity, where we define anormalized
slope as the ratio of the fractional change in@CF2# to the
fractional change in the parameter varied. The normali
slope of 0.75 denoted in Fig. 3~b! indicates that the@CF2#
increases by 7.53 as the power is increased by 103. The
linear increase in@CF2# with power we observe is consiste
with results reported by Pang and Brueck,12 who measured
the @CF2# ;3 mm above the powered electrode in a differe
reactor using single-point LIF; however, their measureme
showed a more significant rate of increase in@CF2# with
power~with a normalized slope as we have defined of;1.3!.

B. Effect of feed gas composition

The effect of feed gas composition on the CF2 concentra-
tion was examined at fixed power, pressure and flow rate~20
W, 66.7 Pa, 25 sccm! by diluting the CF4 feed gas with
argon, and by adding O2 to a baseline mixture. In the forme
cases, the CF4 concentration was varied from;1%–100%,
and, in the latter cases, the mixtures were composed of
CF4 and 1%–10%O2 with a balance of argon. Figures 4~a!–
4~b! show representative contour plots of@CF2# for
75%CF4/Ar and 75%CF4/10%O2/Ar mixtures, which illus-
trate that varying the feed gas composition has only a mo
effect on the spatial distribution of CF2.

The effect of feed gas composition on the magnitude
@CF2# is illustrated in Figs. 5~a!–5~b! where the image-
averaged@CF2# is shown as a function of CF4 and O2 per-
centage, respectively. As the concentration of CF4 in the feed
gas is increased from 1%–100%, the average CF2 concentra-

FIG. 4. Contour plots of the spatially resolved relative CF2 density measured
with laser-induced fluorescence in 25 sccm, 66.7 Pa~500 mTorr!, 20 W
discharges with feed gas compositions of~a! 75%CF4/Ar and ~b! 75%
CF4/10%O2/Ar.
JVST A - Vacuum, Surfaces, and Films
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tion increases linearly by about 2.53. An increase in CF2
concentration is expected, because the electron impact
duction of CF2 is proportional to the CF4 feed gas concen
tration. However, this relatively weak increase in@CF2# sug-
gests that very little of the CF4 is dissociated in the pure CF4
discharge at these conditions. For example, even if all of
CF4 were dissociated for the most dilute~1.2% CF4! case, the
degree of dissociation for the pure CF4 case can only be
2%–3%, since the primary fragments in the electron imp
dissociation of CF4 are CF2 and CF3 in a;2.5:1 ratio.28 This

FIG. 5. Image-averaged CF2 density as a function of~a! CF4 and~b! O2 mole
fraction in the feed gas for 25 sccm, 66.7 Pa~500 mTorr!, 20 W CF4/O2/Ar
discharges, and~c! axially averaged (0,z,1.2 cm! radial profiles of CF2
density for selected mixtures~s532%, 26%, 22%, and 16% for 0%, 2.5%
5%, and 10% O2, respectively!. The normalized slope indicated in~a! de-
notes that the@CF2# increases by;33 as the concentration of CF4 in the
feed gas is increased by 1003.
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relatively weak increase in the CF2 concentration~and thus
CF4 dissociation! as the argon dilution is decreased may
due to the cooling of the high energy tail in the electr
energy distribution and/or a decreased electron number
sity resulting from additional electron attachment by CF4.

The effect of the addition of O2 on the image-average
@CF2# in the discharge is shown in Fig. 5~b!. For these cases
the power was held constant at 20 W, and the CF4 mole
fraction and the total flow rate were held constant at 75%
25 sccm, respectively. Here we observe a reduction in2
density of about 2.53 with 10% O2 added to the feed gas
which is in good agreement with previous studies.12,16 It is
well established that the addition of oxygen can substanti
reduce the CF2 concentration, and this trend has been pre
ously attributed to the radical exchange reactions w
atomic oxygen, CF21O→COF1F and CF21O→CO12F.28

With regard to @CF2# spatial distribution, the various
CF4/Ar discharge mixtures were very similar, aside from t
overall increase in@CF2# with increased CF4 concentration in
the feed gas. With the addition of oxygen, however, we
served a somewhat larger decrease in@CF2# near the edge o
the discharge as compared to the center, leading to a m
uniform radial distribution of CF2. These trends are illus
trated in Fig. 5~c!, which shows representative axially ave
aged~0,z,1.2 cm! radial profiles of the normalized@CF2#
for several feed gas mixtures; note, for example,s532% and
16% for mixtures with 0% and 10% O2, respectively. The
larger decrease in@CF2# near the edge of the discharge~com-
pared tor50! with added oxygen may result, in part, fro
increased oxidation losses there. Although the rates for
oxidation reactions noted above would be higher near
edge of the electrode simply because the@CF2# is higher
there, the larger fractional decrease in@CF2# ~i.e., the de-
crease in@CF2# for the cases with added O2 normalized by
@CF2# for the baseline mixture! suggests that the atomic oxy
gen concentration is larger near the edge of the discharg
well. Such an enhancement in the atomic oxygen concen
tion near the edge of the discharge may result from an
crease in electron impact dissociation of O2 due to the en-
hanced electric field there. As discussed below, the m
uniform radial distribution with added oxygen may also
due, in part, to more uniform CF2 production associated with
a more resistive plasma bulk.

C. Effect of flow rate or residence time

The effect of flow rate~5–100 sccm! on the CF2 density
was examined at constant power~20 W!, feed gas composi
tion ~25% CF4/Ar!, and pressure~66.7 Pa!. In varying the
flow rate over 5–100 sccm, the residence time for the
within the volume between the electrodes was decrea
from ;1.5 to ;0.07 s ~nominal residence time5pressure
3volume/flow rate!. Representative contour plots of th
@CF2# at flow rates of 5, 18, and 100 sccm are shown in F
6. These different flow rates resulted in relatively min
changes in the spatial distribution of CF2 as illustrated by the
similarity of the contours in Fig. 6 and in the axially ave
aged~0,z,1.2 cm! radial profiles in Fig. 7~a!. For example,
J. Vac. Sci. Technol. A, Vol. 15, No. 2, Mar/Apr 1997
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the normalized CF2 density distribution was very similar fo
flow rates below 25 sccm~s;21%!, although at higher flows
the edge-to-center uniformity was somewhat worse@s539%
at 100 sccm, see Fig. 7~a!#, due to an enhancement in@CF2#
near the edge of the discharge. The better uniformity at
lower flow rates may be due, in part, to enhanced diffus
with respect to convection.

Although the spatial distribution of CF2 at the various
flow rates was not dramatically affected, a significant no
monotonic variation in the overall concentration was o
served. This is evident in Fig. 7~b!, where the image-
averaged@CF2# is shown as a function of flow rate. At low
flow rates~high residence time!, the @CF2# initially increases
with flow rate. Further increases in flow rate~shorter resi-
dence times! result in a subsequent decrease in@CF2#. Be-
cause the CF2 production rate likely remains essentially co
stant ~the electron number density and temperature
approximately constant and the CF4 is largely undissociated!,
these changes in@CF2# with flow rate suggest a competitio
among its various loss processes, which include convect
gas-phase recombination, surface losses, and diffusion.

While further modeling and experiments are necessar
be certain, this variation in@CF2# with flow rate might be
explained as follows. At moderately high flow rates~i.e., 25
sccm! further increases in the flow rate yield a decrease
the accumulation of CF2 within the discharge, because th

FIG. 6. Contour plots of the spatially resolved relative CF2 density measured
with laser-induced fluorescence in 25%CF4/Ar, 66.7 Pa~500 mTorr!, 20 W
discharges at~a! 5, ~b! 18, and~c! 100 sccm.
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dissociation products are convected away more rapidly.
the flow rate is reduced~from say 50 sccm!, initially the
@CF2# increases because of reduced convective losses. W
convection becomes less important, the primary CF2 gas-
phase recombination reaction,28 CF21F1M→CF31M, be-
comes somewhat more important since the CF2 ~and F! con-
centration increases. The CF2 surface losses also increa
because diffusive transport becomes increasingly impor
at lower flow rates.

As the flow rate is further reduced~below ;18 sccm!,
though, the observed decrease in@CF2# cannot be attributed
to increased gas-phase recombination, because that rate
depends on the~decreasing! CF2 and F concentration. Fur
thermore, the observed decrease in@CF2# below 18 sccm
cannot be attributed to the temperature dependence o
fluorescence signal, because we expect the temperatu
increase with decreasing flow rate~see below!, which would
lead to~slightly! systematically high@CF2# measurements a
lower flow rates ~see Sec. II above!. Consequently, we
~speculatively! attribute the observed decrease in@CF2# at
very low flows to an increased loss due to diffusion, eith
by surface losses or by transport out of the imaged reg
This increase in diffusional losses may result from an
crease in the neutral gas temperature and, hence, diffu
coefficient ~note that the diffusion coefficient}T3/2!.2 In-
deed, an increase in temperature is expected as the flow

FIG. 7. ~a! Axially averaged~0,z,1.2 cm! radial profiles of CF2 density
~s522%, 21%, and 39% for 5, 18, 100 sccm, respectively! and ~b! image-
averaged CF2 density as a function of flow rate, determined from PL
images of 25%CF4/Ar discharges at 66.7 Pa~500 mTorr! and 20 W.
JVST A - Vacuum, Surfaces, and Films
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is reduced, because, with constant rf power and a redu
enthalpy efflux, more thermal energy accumulates within
discharge. Such an increase in the contribution of diffus
and surface recombination reactions at low flow rates
been indicated in previous modeling of F-atom concentrat
in CF4/O2 plasmas.

31

D. Effect of pressure

The effect of pressure on the@CF2# was examined at con
stant flow rate~10 sccm!, composition~75% CF4/Ar!, and
power~12 W!, with pressures ranging from 13.3 to 133.3 P
~100–1000 mTorr!. Representative CF2 spatial distributions
are shown for three pressures in Fig. 8, and additional ca
at 66.7 Pa~500 mTorr! are shown in figures above@e.g.,
Figs. 2 and 4~a!#. As noted previously, varying the pressu
led to significant changes in both the magnitude and spa
distribution of CF2 density.

Changes in the overall magnitude of@CF2# are illustrated
in Fig. 9~a!. For the conditions examined here, the ima
averaged@CF2# increases linearly with pressure with anor-
malizedslope of;0.5, which is to some extent consiste
with the results of Pang and Brueck;12 they, however, ob-
served a larger initial slope in pure CF4 plasmas as well as a
saturated CF4 concentration above 66.7 Pa~500 mTorr!. The
present increase in@CF2# with pressure can be attributed t

FIG. 8. Contour plots of the spatially resolved relative CF2 density measured
with laser-induced fluorescence in 75%CF4/Ar, 10 sccm, 12 W discharges a
~a! 13.3 Pa~100 mTorr!, ~b! 33.3 Pa~250 mTorr!, and~c! 133.3 Pa~1000
mTorr!.
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236 B. K. McMillin and M. R. Zachariah: Two-dimensional imaging of CF 2 density 236
increased electron impact production of CF2, because both
the electron and CF4 density are expected to increase w
pressure. On the other hand, this relative weakness of
increase in@CF2# ~and thus CF4 dissociation! with pressure
may be due to the cooling of the high energy electron ene
distribution at the higher pressures.

Figure 9~b! shows the axially averaged radial@CF2# pro-
files as a function of pressure. The changes in these pro
with pressure are perhaps the most difficult to interpret,
cause they result from a complex interaction among the p
duction, transport, and loss mechanisms of CF2, including
changes in the electron energy distribution, residence ti
and rates of diffusion and gas-phase recombination. The
derstanding of these observed pressure dependent CF2 distri-
butions would clearly benefit from detailed modeling studi
but there are some interesting trends which are worth not
For example, the profiles for the 13.3–66.7 Pa cases sho
similar character with the peak@CF2# near the edge of the
electrode, while the profile at 133.3 Pa is substantially d
ferent, with the peak@CF2# found closer to the center of th
discharge. In varying the pressure, we also observe the
est changes in radial uniformity, with the poorest uniform
at 33.3 Pa~s545%! and the best at 133.3 Pa~s;14%!. This
large change in uniformity occurs because as pressure i
creased from 13.3 to 33.3 Pa, the@CF2# primarily increases

FIG. 9. ~a! Image-averaged CF2 density as a function of pressure i
75%CF4/Ar, 10 sccm, 12 W discharges and~b! axially averaged (0, z
, 1.2 cm! radial profiles of CF2 density~s522%, 45%, 21%, and 14% fo
13.3, 33.3, 66.7, and 133.3 Pa, respectively!. The normalized slope indicate
in ~a! denotes that the@CF2# increases by 53 as the pressure is increased b
103.
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near the edge of the discharge, while as pressure is incre
from 33.3 to 133.3 Pa, the@CF2# increases more substantial
near the center of the discharge. As discussed below, a
nificant change in the plasma impedance is also obse
over this pressure range, with the plasma becoming m
resistive at higher pressures.

E. Electrical measurements

In addition to the@CF2# measurements, voltage and cu
rent wave forms were measured near the base of the pow
electrode to characterize the discharge and permit comp
sons to model calculations and future experimental stud
Table I shows a compilation of the electrical measurem
results, including the peak-to-peak amplitudes of the po
ered electrode voltage~Vpe! and current~I pe! wave forms
corrected for cell parasitics, the relative phase~f! between
the corrected voltage and current wave forms, the dc s
bias voltage~Vdc!, and the power delivered to the plasma. A
noted above, these data are derived from a Fourier ana
of the measured electrical wave forms using an equiva
circuit model of the GEC cell and the external circuitry.20

In comparing these electrical data to the CF2 measure-
ments detailed above, we observe that the cases with
most uniform radial distribution of CF2 correspond to case
with the most resistive plasma impedances, i.e., the case
whichf is closest to 0°. In particular, these include the ca
with the lowest power~3.5 W!, highest pressure~133.3 Pa!,
and highest O2 concentration~10%!. For these cases,f
ranges from243 to249° compared to the other cases whe
f ranges from257 to 273°. The increased uniformity fo
the more resistive cases may result from an increase in
production of CF2 within the plasma bulk, compared to th
production near the powered electrode sheath. This asse
is also supported by axial (r50) profiles of the plasma emis

TABLE I. Summary of plasma electrical measurements, including the pe
to-peak amplitudes of the as-measured voltage wave form~Vrf!, the cor-
rected fundamental peak-to-peak amplitudes of the voltage~Vpe! and current
~I pe! wave forms at the powered electrode, the phase difference betweeVpe

and I pe, the dc self-bias voltage~Vdc!, and the power deposited to th
plasma.

CF41O2

~%!a
Flow rate

~sccm!
Pressure

~Pa!
Power
~W!

Vrf

~V!
Vpe

~V!
I pe
~Å!

f
~deg!

2Vdc

~V!

75/0 25 66.7 3.5 150 164 0.262249.4 18
75/0 25 66.7 12 300 328 0.660263.4 57
75/0 25 66.7 35 600 657 1.290271.1 175
5/0 25 66.7 21 440 485 1.063271.4 151
75/0 25 66.7 20 440 481 0.968269.5 110
100/0 25 66.7 20 430 472 0.980269.4 114
75/5 25 66.7 20 285 314 0.956257.2 45
75/10 25 66.7 20 245 272 0.905248.6 25
25/0 5 66.7 20 423 464 0.928267.7 114
25/0 18 66.7 20 439 479 0.912268.5 122
25/0 100 66.7 20 452 495 0.910268.9 131
75/0 10 13.3 12 445 489 0.696273.5 199
75/0 10 33.3 12 351 383 0.667267.4 94
75/0 10 66.7 12 298 327 0.665263.5 59
75/0 10 133.3 12 230 253 0.529243.2 25

aBalance of mixture is argon.
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sion images~not shown here! which show an enhancemen
of excitation within the bulk, relative to the powered shea
region.

As one might anticipate, we also find that the cases wh
show largest changes in the CF2 spatial distribution also
show the largest changes inI pe andf, and to a lesser exten
Vdc andVpe. For example, increasing the pressure from 6
to 133.3 Pa showed one of the largest relative changes in
electrical measurements~I pe decreased 20%,f increased
32%! and also showed thelargestchange in CF2 spatial dis-
tribution ~see Fig. 9!. In addition, increasing the power from
3.5 to 35 W showed a large change in the electrical meas
ments~I pe increased by 53, f decreased by 44%!, a seven-
fold increase in CF2 density, and moderate changes in t
CF2 spatial distribution. In contrast, varying the CF2 concen-
tration from 5%–100% and varying the flowrate from 5–1
sccm led to very little change in either the electrical me
surements or the CF2 spatial distribution.

IV. CONCLUDING REMARKS

In this experimental study, we have used planar las
induced fluorescence imaging to measure spatially reso
2D maps of CF2 density in low-pressure rf Ar/CF4/O2 dis-
charges generated within a GEC reference cell. In gene
we found that varying the pressure led to significant chan
in both the magnitude and spatial distribution of CF2 density,
while varying the composition, flow rate, and power prim
rily only affected the magnitude of the CF2 density, with
more subtle changes in the spatial distribution. Typically,
centerline~r50! axial CF2 distribution was symmetric with
the local peak occurring near the center of the electrode
but, in all cases, significant radial variations in CF2 density
were observed~14<s<45%! with the peak density occur
ring near the edge of the discharge region. The most unif
radial distributions were observed for the cases with the lo
est power~3.5 W!, highest pressure~133.3 Pa! and highest
O2 concentration~10%!, which, based on the accompanyin
electrical measurements, were the cases with the most r
tive plasma impedances.

Based on plots of the image-averaged CF2 concentration,
for the conditions examined here, the CF2 density increased
linearly with power and CF4 mole fraction in Ar/CF4 dis-
charges; the dissociation fraction in mildly diluted CF4 dis-
charges was less than a few percent; and the CF2 density
decreased substantially with the addition of oxygen. In ad
tion, the CF2 density was also found to vary nonmonoton
cally with flow rate, which we attributed to changes in t
various loss rates for CF2, including increased convectiv
losses at high flows and increased diffusive losses at
flow rates.
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